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ABSTRACT

11 years of summertime observations from the Atmospheric Radiation Measure-

ment (ARM) Climate Research Facility Southern Great Plains (SGP) site are used

to investigate mechanisms controlling the transition fromshallow to deep convection

over land. It is found that a more humid environment immediately above the bound-

ary layer is present before the start of late-afternoon heavy precipitation events. The

higher moisture content is brought by wind from the south. Greater boundary layer in-

homogeneity in moist static energy, temperature, moistureand horizontal wind before

precipitation begins is correlated to larger rain rates at the initial stage of precipita-

tion. In an examination of afternoon rain statistics, higher relative humidity above

the boundary layer is correlated to an earlier onset and longer duration of afternoon

precipitation events, while greater boundary layer inhomogeneity and atmospheric in-

stability in the 2 to 4 km layer above the surface are positively correlated to the total

rain amount and the maximum rain rate. Although other interpretations may be possi-

ble, these observations are consistent with theories for the transition from shallow to

deep convection that emphasize the role of a moist lower-free troposphere and bound-

ary layer inhomogeneity.
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1. Introduction

Convection and clouds are key processes that regulate the global energy and water budgets. The

diurnal timing of convection is very important because the associated clouds strongly interact with

both solar and infrared radiation. Numerous observations show that over land the diurnal maxima

of deep convection and precipitation occur frequently in the late afternoon or early evening (Dai

et al. 1999; Soden 2000; Dai 2001; Yang and Slingo 2001; Nesbitt and Zipser 2003). It is generally

accepted that the diurnal variation over land is closely related to the solar heating of surface and

atmospheric boundary layer, and thus is stronger in summertime.

Convection and clouds can not be explicitly simulated but arehighly parameterized in con-

ventional global climate models. The simulation of the diurnal cycle is an important measure

of a climate model’s performance (Randall et al. 1991; Yang and Slingo 2001; Tian et al. 2004;

Dai 2006; Zhang et al. 2008). Traditional moist convection parameterizations are often associated

with atmospheric instability in terms of convective available potential energy (CAPE) (Arakawa

and Schubert 1974; Zhang and McFarlane 1995) or large-scalemoisture convergence (Kuo 1965,

1974; Tiedtke 1989). A well-known problem is that climate models usually can not produce the

observed afternoon convective rainfall peak over land (Daiet al. 1999; Yang and Slingo 2001);

instead they usually simulate a quick onset of convective rainfall, before or at noon and in phase

with the diurnal cycle of CAPE (Bechtold et al. 2004). Previousstudies suggest that this deficiency

is due to the lack of an intermediate stage involving shallowand middle-level topped cumulus and

their associated effects, such as the gradual moistening ofthe free troposphere (Guichard et al.

2004). This reminds us that to solve this timing problem, we need to know what atmospheric

conditions favor different convection regimes, such as shallow versus deep convection. In other

words, what makes shallow cumulus stay shallow, and what promotes the transition of shallow to

deep convection?

Recently studies of cloud resolving model (CRM) or large-eddy simulation (LES), in which

fine-scale cloud processes can be explicitly resolved, haverevealed several mechanisms on the

transition from shallow to deep convection focusing on the influence of:
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• Free tropospheric humidity, which influences the buoyancy of entraining cumulus clouds (Der-

byshire et al. 2004; Kuang and Bretherton 2006).

• Sub-domain variability such as boundary layer cold pools driven by precipitation evapora-

tion, which may promote further convection at gust front edges (Tompkins 2001; Chaboureau

et al. 2004; Khairoutdinov and Randall 2006).

• Atmospheric instability at the cloud level when the transition from shallow to deep convec-

tion occurs (Houston and Niyogi 2007; Wu et al. 2009).

Considerable observational evidence also suggests that high values of lower tropospheric hu-

midity precede deep convection especially over tropical oceans (Sherwood and Wahrlich 1999;

Bretherton et al. 2004b; Mapes et al. 2006; Holloway and Neelin 2009). An association between

the boundary layer inhomogeneity and deep convection has also been established from observa-

tions of stronger convection associated with squall lines (Wakimoto 1982), land-sea breezes (Kingsmill

1995) and mesoscale convective systems (Engerer and Stensrud 2008).

In this study, we use convective-regime-oriented composites from long-term observations over

land to make a systematic assessment of these transition mechanisms. The Atmospheric Ra-

diation Measurement (ARM, Strokes and Schwatz 1994; Ackerman and Stokes 2003) Climate

Research Facility provides the necessary long-term comprehensive measurements at its Southern

Great Plains (SGP) site. However, the coexistence of multiple convection regimes at various tem-

poral and spatial scales complicates the analysis of SGP observations (Dong et al. 2005; Berg and

Kassianov 2008). In order to assess theories for the transition, we are more interested in convection

and clouds which are locally generated, limited in time to one diurnal cycle and not significantly

influenced by large-scale forcing. Thus, the two regimes of interest to us are fair-weather non-

precipitating shallow cumulus and late afternoon or early evening precipitating deep convection

which, as will be shown below, grows from shallow convection. Our working hypothesis is that

once an ensemble of observations is established for each of these regimes, the mechanisms af-

fecting transition from shallow to deep convection would berevealed by comparing the statistics
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of environmental parameters between and within convectionregimes. If successful, a more typi-

cal composite case of each regime might be set up for future CRM,LES or single-column model

(SCM) studies and provide information more relevant to the parameterization of convection in

climate models. In this paper, we try to answer two questions:

(1) What environmental parameters differ between the two regimes, fair-weather shallow cu-

mulus versus late afternoon deep convection, especially inthe late morning a few hours before

deep convection begins?

(2) Is there any correlation between environmental parameters and rain statistics on days with

late-afternoon deep convection?

We expect that answers to these questions will provide useful inferences on the factors that fa-

vor the transition from shallow to deep convection. We also note that while our study is suitable for

mid-latitude convection over land, our results might not apply to convection over other continental

regions, such as the Amazon region with its dense vegetationcoverage and stronger surface fluxes

or coastal zones subject to the influence of land-sea breezes.

In the remaining parts of the paper, the observations and convection-regime classification are

presented in section 2; the comparison between the two regimes is shown in section 3; the influ-

ence of environmental parameters on the rain statistics of late-afternoon deep convection is shown

in section 4; discussions of transition mechanisms are presented in section 5; and conclusions

including implications for convection parameterizationsare discussed in section 6.

2. Data & Methodology

a. ARM Observations

The original data from ARM archive (http://www.arm.gov/data) are processed to hourly aver-

ages. Unless otherwise stated, measurements are taken at SGP central facility (CF) or in the region

within a 50 km radius of the CF as shown in Figure 1. Specific datainformation is as follows:
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• Precipitation from the Arkansas-Red Basin River Forecast Center (ABRFC, http://www.arm.-

gov/data/vaps/abrfc) is based on radar-observed precipitation estimates combined with rain

gauge reports (Fulton et al. 1998; Breidenbach et al. 1998). We use the hourly-mean spatial

average over the region within a 50 km radius of the CF.

• The vertical profile of cloud fraction is from Climate Modeling Best Estimate (CMBE, Xie

et al. 2010, http://science.arm.gov/workinggroup/cpm/scm/bestestimate.html) Active Re-

mote Sensing of CLouds data (ARSCL, Clothiaux et al. 2000, 2001, http://science.arm.gov-

/vaps/arscl.stm). The data are based on retrievals appliedto measurements made by the

vertical pointing millimeter wavelength cloud radar, micropulse lidar and laser ceilometers

at the CF.

• Sounding data at the CF are from balloon sonde profiles whose water vapor is scaled with

column-integrated precipitable water vapor retrieved from the microwave radiometer (Turner

et al. 1998, http://science.arm.gov/vaps/lssonde.stm).Since the vertical resolution varies

with meteorological conditions, data are re-gridded into auniform resolution of 20 meters

to facilitate composite analysis.

• Column-integrated precipitable water vapor (PWV) and liquidwater path (LWP) are from

CMBE Microwave Radiometer RETrievals (MWRRET, Turner et al. 2007, http://science.arm.-

gov/vaps/mwrret.stm).

• Surface sensible and latent heat fluxes are from the Bulk Aerodynamic Energy Balance

Bowen Ratio data product (BAEBBR, Wesely et al. 1995, http://science.arm.gov/vaps/baebbr.-

stm) retrieved from measurements of an EBBR station at the CF.

• Surface temperature, moisture and winds are from the Surface Meteorological Observation

Station (SMOS, http://www.arm.gov/instruments/smos) atthe CF and four surrounding Ok-

lahoma Mesonet (OKM, Brock et al. 1995, http://www.arm.gov/instruments/okm) stations

shown in Figure 1.
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• Large-scale wind fields are from the National Centers for Environmental Prediction Model

Output Location Time Series (NCEP MOLTS, http://www.arm.gov/instruments/molts) data.

They are provided by the Early Eta Model and its associated Eta Data Assimilation System.

We use the latest versions of value-added products to minimize the influence of measurement

uncertainties. Forming a multi-day composite also significantly reduces the impact of random

errors contained in an individual observation.

b. Warm-Season Convection Regime Classification

Figure 2 shows the average diurnal cycle for 1176 days with valid observations of cloud frac-

tion and surface precipitation rate from May to August in theyears 1997 to 2007. The precipitation

rate has a primary peak between 0200 and 0300 local standard time (LST) and a secondary peak

between 1800 and 1900 LST. A similar diurnal behavior is found for the number of days with

hourly precipitation rate in excess of 1 mm day−1. High clouds tend to occur between late after-

noon and the following noon with a maximum of about 22% at 11 kmin late evening. Low clouds,

usually about 10 to 12% under 3 km, prefer to occur during daytime with a cloud base and top that

rises gradually.

This diurnal variation hints at contributions from different convection regimes. The primary

precipitation rate maximum between midnight and dawn is associated with eastward propagating

convection systems (Carbone et al. 2002; Jiang et al. 2006) initiated at the front-range of the Rocky

Mountains on the preceding afternoon. On the other hand, thesecondary precipitation rate max-

imum during late afternoon or early evening might be a response to local surface heating (Jiang

et al. 2006). With these thoughts in mind, we classify diurnal cycles for four convection regimes

as follows:

1. Clear-sky day. The precipitation rate = 0 at all hours of the day and cloud fraction65%

at all levels between 0800 and 1600 LST. A single day is definedas the time between 2

successive local midnights.

6



2. Fair-weather non-precipitating shallow cumulus day. The precipitation rate = 0 at all

hours of the day, and shallow cumulus clouds are identified byBerg and Kassianov (2008)

who first selected cumulus clouds based on fine temporal resolution ARSCL data at ARM

SGP, and then manually scrutinized cloud images taken by theTotal Sky Imager (http://www.arm.gov/-

instruments/tsi) to eliminate low-cloud types other than shallow cumulus.

3. Late afternoon or early evening deep convection day. The diurnal maximum hourly pre-

cipitation rate> 1 mm day−1, occurs between 1500 and 2000 LST, and is at least twice more

than the precipitation rate at any other hour of the day outside of 1500 to 2000 LST.

4. Nighttime deep convection day. The diurnal maximum hourly precipitation rate> 1 mm day−1

and occurs between midnight and 0700 LST.

There are 90, 95, 79 and 229 days for regimes 1 to 4, respectively with no overlap. The number

of days in the four regimes do not sum to the total days with valid observations because there are

other situations such as days with no precipitation but withclouds other than fair-weather shallow

cumulus, days with drizzle, and days with heavy precipitation at hours which do not satisfy our

criteria for late-afternoon nor nighttime deep convection. For the ensemble of late-afternoon deep

convection days, our selection criteria selects many shortduration rain events generated within

50 km of the CF as we desire, however they do not exclude the possibility of organized convection

or large-scale forcing beyond the 50 km scope which we do not want to include. We examined

animations of satellite infrared brightness temperature images provided by P. Minnis’s group at

the NASA Langley Center (http://www-angler.larc.nasa.gov/) for days with late-afternoon deep

convection. A subjective judgment suggests that 15 days likely have features of convection orga-

nization or significant influence from large-scale forcing.Sensitivity tests show that the following

results are not greatly affected if these days were omitted.As a result, we do not omit these days

from the analysis in order to boost the sample size and statistical significance of the results.

Figure 3 shows the diurnal composites of precipitation and cloud fraction for regimes 1 to

4. On late afternoon deep convection days, precipitation starts from earlier afternoon, peaks at
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about 21 mm day−1 at 1630 LST and diminishes after 2100 LST. On nighttime deep convection

days, precipitation begins from preceding afternoon, peaks at about 30 mm day−1 at 0200 LST and

lasts until early morning. On fair-weather shallow cumulusdays, low cloud fraction maximizes at

about 10 to 12% at 1.8 km from 1200 to 1400 LST. On late afternoon deep convection days, low

cloud development is also found from early morning (0700 LST) to early afternoon (1400 LST),

and more middle and high level clouds are present during these hours. On these days, the low

cloud base gradually rises and the low cloud fraction maximizes at about 25% at 1.8 km near

1200 LST. After 1500 LST, deep convection clouds develop andpeak at about 30% at 12 km

between 1700 and 1800 LST and then high anvil clouds persist until midnight. Low clouds precede

deep convection clouds on late afternoon deep convection days, while on the contrary, high clouds

precede the deep convection clouds on nighttime deep convection days and are present during

the whole precipitation process. This progression of clouds on nighttime deep convection days is

consistent with propagating convection that is not locallygenerated.

3. Comparing Days of Fair-weather Shallow Cumulus with Days

of Late-Afternoon Deep Convection

As revealed by the composites, shallow cumulus clouds are present on both fair weather and

late-afternoon deep convection days. By contrasting the differences in environmental parameters

between these two regimes, we hope to infer what factors cause shallow convection to remain shal-

low on some days, and to grow into deep convection on the otherdays. The differences between

the two regimes are identified by comparing the composite mean of environmental parameters

and its standard error which is defined as the standard deviation divided by the square root of the

number of observations. We then make a 2-sided student t-test to identify which environmental

parameters are the most distinguishable between the two regimes especially around 1130 LST, the

nearest sounding time before deep convection occurs.
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Since balloon soundings at 1130 LST are not available everyday, there are only 33 days with

sounding data for late-afternoon deep convection and 69 days for fair-weather shallow cumulus.

For the t-test and correlation calculations reported in thenext section, only data for all parameters

on valid sounding days are used and the result is considered statistically significant only if the null

hypothesis can be rejected at the 95% confidence level.

a. Atmospheric Stability: CAPE and CIN

Figure 4 shows sounding composites in the lowest 4 km for potential temperature (θ) and water

vapor mixing ratio at four local times: 0530, 1130, 1730 and 2330. In general, a stable boundary

layer is found at 0530 LST. On shallow cumulus days, a well-mixed layer is found at 1130 LST

and by 1730 LST the mixed-layer has deepened, warmed and dried. At 1130 LST, deep convection

days tend to have a shallower mixed-layer and are slightly cooler and substantially moister than

shallow cumulus days. At 1730 LST, there is a lack of well-mixedness on deep convection days

which may result from the effects of precipitation on the sub-cloud layer. By 2330 LST, the

boundary layer has returned to stable conditions for both regimes. Above 4 km, the temperature

profiles of the two regimes are nearly identical (not shown),however, the mixing ratio tends to

be higher on deep convection days; for example, at 4 km at 1130LST it is 3.5 g kg−1 on deep

convection days which is 1 g kg−1 larger than that on shallow cumulus days.

The composite soundings are used to investigate atmospheric stability. Figure 4 shows the

virtual temperature differences (Tv,d) between the environmental sounding and a parcel of air raised

from the boundary layer.Tv,d is calculated by lifting an air parcel with the maximum equivalent

potential temperature (θe) between 100 and 500 meters above ground through reversibleadiabatic

processes without mixing with the environment.Tv,d > 0 denotes positive buoyancy for the air

parcel. Figure 4 shows a significant difference in the depth of Convection INhibition (CIN) layer

between the two regimes. At 1130 LST, the Level of Free Convection (LFC) for shallow cumulus

days is at 4.2 km while the LFC for deep convection days is at 2.5 km. The values of CAPE
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and CIN are 700 J kg−1 and 40 J kg−1, respectively, on deep convection days but 200 J kg−1

and 70 J kg−1 on shallow cumulus days. At 1730 LST, there is a slight decrease from the value at

1130 LST in CIN and a large increase in CAPE on shallow cumulus days while on deep convection

days, both CIN and CAPE slightly increase from 1130 LST to 1730 LST.

b. Atmospheric humidity and liquid water content

Figure 5 shows the composite sounding of relative humidity (RH) at 1130 LST and the diurnal

variation of the composite precipitable water vapor (PWV) and liquid water path (LWP) retrieved

from the microwave radiometer. The sounding data show that more moisture is present on late-

afternoon deep convection days in both the boundary layer and the free troposphere. Specifically

RH is about 10% greater on deep convection days with the largest RH differences between 2 and

4 km. Note that the majority of shallow cumulus is beneath the2.5 km level at 1130 LST for both

regimes, indicating that the extra moisture in this layer isunlikely to be the result of moistening

by cumulus clouds on the same day. The moisture difference isalso apparent in PWV and LWP,

both of which are significantly larger on days with afternoondeep convection. The PWV shows

a strong diurnal cycle with an increase of about 5 mm from sunrise to its afternoon maximum.

This average increase is larger than the average accumulated evaporation minus precipitation from

the surface, suggesting that there is horizontal convergence of water vapor on days with afternoon

deep convection. The afternoon peak of LWP of 110 g m−2 is in phase with the peak precipitation

at 1730 LST while the peak LWP on shallow cumulus days is 15 g m−2 at 1330 LST.

c. Surface turbulent fluxes

Figure 6 shows that the diurnal composites of surface sensible and latent heat fluxes are in

phase with the solar radiation. As the diurnal variation in surface heat fluxes drives the growth of

the boundary layer, one might expect that greater surface fluxes would favor an increased chance

of deep convection. However, surface heat fluxes on deep convection days are lower than that
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on shallow cumulus days, particularly the latent heat flux. The reduced latent heat flux may be a

response to boundary layer moisture. Specifically, the increase in near surface relative humidity

from 45% on shallow cumulus days to 55% on deep convection days at 1130 LST (Figure 5)

reduces the potential for evaporation and transpiration ondeep convection days. The sensible heat

fluxes are only distinguishable between 1330 LST till 1800 LST; the lower value on days with

afternoon deep convection may be related to the reduced solar radiative heating of the surface (not

shown). We also note that this association of reduced surface fluxes with deep convection may

be similar to that found over tropical oceans as deep convection there is usually associated with

moisture convergence and a minimum in surface fluxes (Sobel 2003).

d. Boundary layer inhomogeneity

To investigate boundary layer inhomogeneity, we use surface wind, temperature and humid-

ity data measured by the SMOS at the central facility and foursurrounding Oklahoma Mesonet

stations (Figure 1).

Figure 7 shows the diurnal cycle of the mean and standard deviation (std dev) of the surface

moist static energy (MSE), temperature, water vapor mixingratio and horizontal wind speed across

the five stations. The mesoscale wind (wind std dev) is definedas
√

u′2 + v′2, whereu′ andv′ are

the deviations in zonal and meridional wind from the 5-station mean. Note that we feel justified

using the term mesoscale to define variability across the domain as the individual data at each

station are 60-minute averages which correspond to a distance of 18 km for a 5 ms−1 horizontal

wind speed. The mean MSE on deep convection days peaks in early afternoon around 1400 LST

while that on shallow cumulus days maximizes in the last morning around 1100 LST. For both

regimes, a quick increase of mixing ratio occurs in the earlymorning from 0600 to 0900 LST.

After 0900 LST, the moisture on deep convection days stabilizes while the moisture on shallow

cumulus days markedly decreases until sunset. The mean temperature difference is distinguishable

between regimes only in the late afternoon and early evening. The mean daytime surface wind
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speed on shallow cumulus days is slightly larger than that ondeep convection days.

The variations in MSE, mixing ratio and wind speed across thedomain become significantly

larger on deep convection days after 1330 LST when precipitation starts to pick up. Although

temperature variability is already larger on the morning ofdeep convection days, its significant

increase occurs after 1330 LST. Broadly speaking, the station data clearly show that boundary

layer inhomogeneity is significantly larger on deep convection days from near precipitation onset

through early evening and beyond.

e. Large-scale wind fields

Figure 8 shows composites of horizontal and vertical winds from NCEP MOLTS data. Beneath

850 hPa, the horizontal wind fields are quite similar for bothregimes. The wind direction is

southwesterly before noon and turns to southeasterly in theafternoon and evening. Southerly

winds prevail and become stronger during nighttime consistent with the existence of a low-level

jet (Stensrud 1996).

The differences in horizontal winds between the two regimesare found at higher levels. Southerly

winds extend into the middle and upper troposphere on deep convection days while the southerly

component of the wind is near zero on shallow cumulus days especially during daytime. Though

the westerly component of upper-level winds are stronger ondeep convection days, the differences

in westerly winds between the two regimes at middle and low levels are not large. The southerly

winds immediately above the boundary layer on deep convection days could bring moister air from

southerly locations leading to the greater humidity above the boundary layer.

To explore this idea, we correlate wind data at levels between 600 and 850 hPa with precipitable

water vapor (PWV) from MWRRET. PWV varies with wind direction in the 600 to 850 hPa layer,

as PWV with southerly winds is 20% higher than it is with northerly winds; while PWV does not

differentiate between easterly and westerly winds. Although 60% of shallow cumulus days have

southerly winds in the 600 to 850 hPa layer around 1130 LST, more than 80% of deep convection
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days have southerly winds in this layer. However the magnitude of southerly winds does not seem

to matter, as no significant correlation is found between themeridional wind in the 600 and 850 hPa

layer and PWV. This suggests wind direction, rather than its speed, is more important for moisture

in this layer.

With respect to large-scale vertical velocity, subsidenceis found between 200 and 850 hPa

on shallow cumulus days with an early-afternoon maximum. Subsidence is also present around

600 hPa from 0900 to 1500 LST on late-afternoon deep convection days, however with much

reduced magnitude. In general, the subsidence is greatly reduced at all levels on deep convection

days relative to that on shallow cumulus days.

f. What is the most different?

Figure 9 records t-values and significance levels for a set ofenvironmental parameters at

1130 LST in the order of a decreasing t-value. Note that we examined differences at this time

because this is the nearest time before the transition when soundings are available and because

values of environmental parameters before the transition may indicate which factors are important

for the transition.

The definitions of various environmental parameters are as follows. RH is calculated as the

ratio of actual PWV to saturated PWV between 2 and 4 km and in the mixed layer. The NCEP

winds are calculated between levels of 600 and 850 hPa, roughly corresponding to 1.2 to 4 km

above ground level. These levels are examined because they correspond to CIN layers suggested by

Figure 4.−dT/dz is the temperature lapse rate between 2 and 4 km. CAPE and CIN arecalculated

from sounding profiles of temperature and humidity at 1130 LST. For an individual sounding,

the buoyancy profile (Tv,d in Figure 4) might cross the zero line several times. Because such

complexity might lead to ambiguity in determining CAPE and CIN, we introduce an additional

buoyancy parameter, the average undilute buoyancy regardless of sign below 5 km, to roughly

measure the ability of a boundary layer air parcel originating from the mixed layer to reach the level
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of free convection. Other environmental parameters are averages between 1030 and 1230 LST.

The results indicate the RH between 2 and 4 km at 1130 LST has thegreatest statistical signif-

icance of all these environmental parameters. This supports the role of free-tropospheric humidity

in influencing the transition from shallow cumulus to deep convection. Smaller latent heat flux and

stronger 600-850 hPa southerly wind hints that moisture maybe not only from surface evaporation

and that southerly winds play an important role in moisture transfer into SGP region. At 1130 LST,

a larger temperature standard deviation is found on deep convection days while the difference in

MSE and moisture standard deviations are not significant. The differences in these standard devia-

tions are significant at later hours of the day. CAPE and CIN are not significantly different between

the two regimes at the 95% confidence level, which is possiblydue to the noise introduced by the

complexity of buoyancy profiles in individual soundings. However other measures of stability such

as average buoyancy below 5 km and 2-4 km−dT/dz are found to be significantly larger on deep

convection days.

4. Comparing Afternoon Rain Statistics with Environmental Pa-

rameters

An alternate technique to determine the factors that favor the transition is to examine how rain

statistics vary with environmental parameters only on the days with late afternoon deep convection.

In particularly, we ask: Is there any correlation between environmental parameters and rain statis-

tics on days with late-afternoon deep convection? The rain statistics consist of four characteristics:

total rain amount, the maximum hourly rain rate, the duration of a rain event, and the precipitation

onset time. The onset time is defined as when the precipitation rate first exceeds zero mm day−1

at or after 1130 LST. Test of the onset time with the precipitation rate first exceeding 1 mm day−1

also yields similar results.
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a. What is best correlated to afternoon rain?

Table 1 displays the correlation coefficients between afternoon rain statistics and environmental

parameters at 1130 LST. The results indicate that larger RH between 2 to 4 km leads to earlier

onset time and longer duration of precipitation. Total rainamount and maximum rain rate are

positively correlated with the lapse rate between 2 and 4 km,boundary layer inhomogeneity in

wind, temperature and humidity, and 600 to 850 hPa westerly wind. While the signs of these

significant correlation coefficients match expectations, some parameters are correlated to the rain

statistics in a way contrary to expectation. For example, larger CAPE is correlated with a later

onset time and shorter duration of precipitation. A larger surface latent heat flux is related to a

shorter duration of precipitation, which hints that the fluxis a response to a drier boundary layer.

We note that some environmental parameters show no statistically significant correlation with

the rain statistics though they are found significantly different between the two regimes in the

t-test. These include mixed-layer RH, the magnitude of the southerly wind component between

600 and 850 hPa, the average buoyancy below 5 km of an undilutesurface air parcel, and large-

scale vertical velocity. Furthermore, some environmentalparameters are correlated with the rain

statistics even though they are not different significantlyin the t-test. These include CAPE and

boundary layer variability in MSE, mixing ratio and wind speed. These facts remind us that there

might be limitations in both the t-test and this correlationtest. For example, the results are sensitive

to the choices of the measures, as CAPE, CIN, average buoyancy below 5 km and 2-4 km−dT/dz

each represent different aspects of atmospheric stabilityand show different behavior in the tests.

Furthermore, the convection process is nonlinear and mightbe sensitive to a threshold value in

some environmental parameters. As long as above a threshold, deep convection would be triggered

and the actual magnitude of the environmental parameters might not be as important. In addition,

as deep convection might occur sooner or later in the afternoon, using a fixed sounding time at

1130 LST might mix some signals in the environmental parameters at different stages relative to

the triggering of convection. More detailed checks on the relationships in Table 1 are discussed in

the following subsections.

15



Cross-correlation among environmental parameters are examined to identify redundant envi-

ronmental parameters (not shown). The surprising correlation of rain statistics to the westerly wind

between 600 and 850 hPa is partially explained by the fact that the westerly wind is positively cor-

related to both 2 to 4 km lapse rate and boundary layer temperature variability. Furthermore the

fact that both 2 to 4 km RH and boundary layer moisture variability are positively related to (albeit

different) rain statistics in Table 1 is striking given thatgreater 2 to 4 km RH is correlated signifi-

cantly with smaller boundary layer moisture variability. Other environmental parameters have no

significant correlations among each other and thus appear tobe potentially independent predictors

of afternoon rain statistics.

b. The relationship of sounding parameters to afternoon rain statistics

To provide an illustration of these relationships, we present Figure 10 which stratifies the rain

statistics according to the two 1130 LST sounding parameters, 2 to 4 km RH and−dT/dz, which

show the strongest relationship to afternoon rain. The 33 soundings at 1130 LST are sorted into 3

groups of 11 according to whether they have low, medium or high values of the sounding parameter.

The mean and the standard error of each rain statistic are calculated from the 11 samples in each

group. Figure 10 shows that total rain amount and maximum rain rate do not distinguish among

different 2 to 4 km RHs. However with larger RH, the rain tends tostart earlier and last longer.

The quicker onset with larger RH is in agreement with Kuang andBretherton (2006) who found

in their LES that the transition is accelerated by a more humid free troposphere. The analysis for

the 2 to 4 km temperature lapse rate(−dT/dz) shows that more unstable conditions are associated

with larger total rain amount and maximum rain rate. Surprisingly, more unstable conditions are

associated with a later precipitation onset time, contraryto the modeling results of Wu et al. (2009)

and Houston and Niyogi (2007).
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c. The relationship of boundary layer inhomogeneity to afternoon rain statistics

Because of its hourly record, our analysis of the relationship of rain statistics to boundary layer

inhomogeneity need not be restricted to the values at 1130 LST. Furthermore, because boundary

layer inhomogeneity can be both the cause and result of deep convection, high frequency data are

necessary to discern cause and effect. To this end, we calculate the time-lag correlation coefficients

between boundary layer inhomogeneity and the hourly precipitation rate. In performing this cal-

culation, we align the time series data for each precipitation event with respect to the precipitation

onset time. By so doing, we try to avoid mixing different development stages of deep convection.

Our results are illustrated with the matrix of lead-lag correlation coefficients in time relative to

precipitation onset (Figure 11). The simultaneous correlation between inhomogeneity and precip-

itation is shown on the diagonal line (black solid line in Figure 11); the correlation coefficients for

inhomogeneity leading (following) precipitation are shown in the lower-right (upper-left) part of

the plot. For example, the correlation coefficient of moist static energy std dev 2 hours before pre-

cipitation begins with the precipitation rate 2 hours afterprecipitation begins is plotted at abscissa

and ordinate location (2,-2) in Figure 11a.

The most significant correlations of precipitation appear with temperature variability and mesoscale

wind speeds. Particularly prominent is a correlation coefficient of 0.7, the highest reported in this

paper, between temperature variability and precipitation3 hours after precipitation onset. The fact

that the strongest correlations are along the diagonal linesuggests that the time scale for precipita-

tion to create boundary layer variability or vice versa mustbe fast and less than an hour. Although

cause and effect may therefore be difficult to discern even with hourly data, a closer inspection of

Figure 11b shows that during the first two hours after precipitation onset, the strongest correlation

in each column is for precipitation leading temperature or wind variability by one hour. This hints

that temperature or wind variability is the result of precipitation, at least early in a precipitation

event.

The opposite relationship is suggested by the correlation at a level of 0.4 between the surface

moisture variability 1 to 3 hoursbeforethe onset of precipitation and the precipitation rate 1 to 3
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hoursafter the onset. This hints that surface moisture variability leads and therefore might enhance

precipitation during the initial stage of a rain event.

5. Discussion

The calculations of sections 3 and 4 both suggest that lower tropospheric humidity and bound-

ary layer inhomogeneity play important roles in the transition from shallow to deep convec-

tion. In this section, we use a Paluch diagram (Figure 12) forconservative thermodynamic vari-

ables (Paluch 1979; Neggers et al. 2002; Wu et al. 2009) to provide an interpretation of our results.

In this diagram, an air parcel will preserve its thermodynamic properties (total water mixing ratio

qt and liquid water potential temperatureθl) if it is lifted adiabatically without mixing with its envi-

ronment. The properties of mixtures of boundary layer and environmental air would fall along the

mixing line that connects the original air parcel properties in boundary layer with the properties

of the environment at our chosen level. We select 2.5 km for this level as it is the level of free

convection on deep convection days (Figure 4).

Figure 12 shows that on deep convection days at 1130 LST, almost all cloud properties in-

cluding the average are negatively buoyant. The exception is for the undilute boundary layer air

property which is barely positively buoyant. Thus is consistent with the fact that deep convection

has not begun at 1130 LST. Since we do not have soundings at 1430 LST which is the mean time

of transition to deep convection, we can only estimate the change in boundary layer air property

based upon the changes in surface temperature and moisture in Figure 7 and with the assumption

that the change in air properties at 2.5 km is small based on Figure 4. In this case, the undiluted

boundary layer air is significantly positive buoyant and theaverage cloud property barely makes

to zero-buoyancy line on deep convection days whereas the same quantities on shallow cumulus

days are both negatively buoyant. Indeed it is striking thatundiluted boundary layer air on shallow

cumulus days is no closer to the zero buoyancy line at 1430 LSTdespite being 2 K warmer relative

to the value at 1130 LST. This is due to the drying of the boundary layer in these three hours which
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itself is likely the result of entrainment of relatively dryfree tropospheric air into the boundary

layer on these days.

It is also interesting to note that temperature differencesbetween two regimes are small above

the boundary layer (Figure 4). As a result, the difference between the two regimes in the zero-

buoyancy lines decreases with height and is small relative to the separation between the two

regimes in soundings and mixing lines. This means that it is the higher moisture both in and

above the boundary layer that is the main reason leading to greater buoyancy on deep convection

days for both an undilute air parcel and the average cloud property estimated from a mixing line.

Figure 12 also shows the possible values of boundary layer air properties at 1430 LST if the

inhomogeneity in both temperature and moisture are considered based on Figure 7. Note that

boundary layer inhomogeneity in Figure 7 represents mesoscale variability and thus is an underes-

timate of air parcel (∼1 km) variability. It is obvious that in a certain range of combined variability

in temperature and moisture, the buoyancy of an undilute airparcel or the average cloud property

will increase positively. Furthermore, the Paluch diagramprovides a means to understand why

moisture variability may lead the precipitation by a few hours in the early stages of a precipitation

event (Figure 11) and yet there is no distinguishable difference in moisture variability between

shallow cumulus and deep convection days at 1130 LST (Figure9). Specifically, the effect of a

given temperature or moisture variability is larger on deepconvection days than it is on shallow

cumulus days because mixtures are closer to neutral buoyancy on deep convection days than they

are on shallow cumulus days.

Nonetheless, the causes of boundary layer inhomogeneity before afternoon deep convection

begins are unclear. Temperature variability at 1130 LST on deep convection days is 0.3 K larger

than the variability on shallow cumulus days (Figure 7). Onepossibility is that the larger surface

solar cloud radiative effect on deep convection days may induce greater mesoscale temperature

variability. Note that the low cloud fraction on deep convection days is nearly double the value on

shallow cumulus days (Figure 3).

Although thermodynamic conditions may explain the difference between regimes, one must
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still ask: how does an air parcel reach the level of free convection? This leads us to consider the

role of surface fluxes and boundary layer inhomogeneity in creating the momentum to overcome

the CIN layer. Traditionally the vertical velocity of air parcel in the boundary layer can be char-

acterized by the convective velocity scale,w∗, which we can calculate from the observed surface

fluxes and mixed layer depth. We find thatw∗

2 is about 1.42 J kg−1 for deep convection days and

1.72 J kg−1 for shallow cumulus days at 1130 LST. These kinetic energy values are small relevant

to the CIN present at 1130 LST. However the CIN at transition time may be considerably smaller

and mesoscale fluctuations in wind speed which are larger on deep convection days (Figure 7) may

contribute additional momentum that could increase the chances for shallow cumulus to transit to

deep convection.

6. Summary and Implications for Convection Parameterization

11 years of summertime observations at the ARM Southern GreatPlains site have been used

to categorize the diurnal cycle into different convection regimes based on the diurnal variation of

precipitation and clouds. We focus on the comparison of environmental parameters between two

regimes, the days with fair-weather shallow cumulus and thedays with afternoon deep convection,

in order to reveal the mechanisms controlling the transition from shallow to deep convection.

A few hours before rain events begin on afternoon deep convection days, higher relative hu-

midity is found both in and above the boundary layer, especially between the levels of 2 to 4 km

above the surface. The higher moisture content at 2 to 4 km depends on the wind direction being

from south. Relative to days of fair-weather shallow cumulus, greater instability, stronger inho-

mogeneity in boundary layer temperature, less wind shear between 600 and 850 hPa, and weaker

subsidence are found preceding afternoon rain events. Basedon the composite sounding for the

two regimes, we also find that the level of free convection is 1.7 km lower on days with afternoon

rain events. Furthermore, although the diurnal variation in surface fluxes drives the growth of the

boundary layer, the difference between regimes in their magnitude appears to be a response to
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changed boundary layer conditions.

We then focused on the relationship between these conditions at 1130 LST and afternoon rain

statistics. Four afternoon rain properties, the total rainamount, maximum hourly rain rate, rain

onset time and duration of rain were investigated. With greater 2 to 4 km relative humidity, rain

starts earlier and lasts longer. Boundary layer inhomogeneity, 600 to 850 hPa westerly wind com-

ponent and the 2 to 4 km lapse rate are positively correlated with total rain and maximum rain rate;

furthermore, these environmental parameters are correlated with each other.

While not manifest in every statistical test, these observations are consistent with a role for

lower troposphere (2 to 4 km) humidity and boundary layer inhomogeneity in the transition from

shallow to deep convection. This provides some observational support for the transition theories

based upon LES and is consistent with previous observationswhich have focused mainly on trop-

ical ocean deep convection. With respect to boundary layer variability, we showed that in the

early stage of precipitation, boundary layer temperature and wind variability slightly lags precipi-

tation by up to 1 hour (Figure 12b,d). The creation of cold pools by deep convection may explain

this correlation as well as the large increase of boundary layer inhomogeneity on deep convection

days relative to that on shallow cumulus days. In addition, we also showed a connection between

moisture and moist static energy inhomogeneity before afternoon precipitation begins and the sub-

sequent precipitation (Figure 12a,c and Table 1). This lastcorrelation suggests that boundary layer

inhomogeneity promotes as well as results from deep convection. Note, however, that the inho-

mogeneity which may promote convection is not due to cold pools as this is the inhomogeneity

present before precipitation. The reason we do not observe cold pools promoting convection may

be that this effect is masked by the more dominant effect of convection causing cold pools. To ob-

serve the effect of cold pools promoting convection may require alternate observational techniques

such as a detailed analysis of individual events using the new scanning doppler cloud radars and

lidars currently being installed by ARM at the Southern GreatPlains site.

A plausible, albeit not exclusive, interpretation is that the observational evidence is consistent

with a mechanistic view of the transition from shallow to deep convection that emphasizes the abil-
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ity of a parcel of boundary layer air to reach the level of freeconvection. In particular, the parcels

that reach the level of free convection are those that have the highest values of moisture in the

boundary layer and they may have more momentum than expecteddue to mesoscale fluctuations

in boundary layer wind. The ability of the “lucky” parcels toreach the level of free convection is

also assisted by high relative humidity and a steeper lapse rate in the first few kilometers above the

boundary layer. Higher relative humidity in this layer diminishes the buoyancy reducing effects of

entrainment whereas the steeper lapse rate increases parcel buoyancy directly. Therefore, these ob-

servations provide partial support to parameterizations focusing on the ability of boundary layer air

parcel to penetrate level of free convection, similar to theevolving CIN-based parameterizations of

moist convection that have been under development for a number of years (Mapes 2000; Bretherton

et al. 2004a; Fletcher and Bretherton 2009). Furthermore, the observations are somewhat encour-

aging for the nascent efforts to parametrize mesoscale boundary layer inhomogeneity (Rio et al.

2009) and its role in the transition from shallow to deep convection.
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FIG. 1. The map of ARM Facilities and Mesonet stations. Numbers denote the distance (km) between

Mesonet stations. The circle encloses the area within 50 km of the ARM SGP central facility and over

which precipitation data are averaged.
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FIG. 2. Averaged warm-season diurnal cycle of ABRFC surface precipitation (left) and CMBE ARSCL

cloud fraction (right), for Mays to Augusts of years 1997 to 2007. The red line in the left plot denotes the

hourly precipitation rate in mm day−1. Black dots in the left plot denote the number of days in which the

hourly precipitation rate is greater than 1 mm day−1 during a certain hour. The green shaded area in the left

plot identifies the diurnal cycle of interest. The 9-hour period before and after is also shown for the purpose

of process continuity.
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FIG. 3. Diurnal cycle composites of ABRFC surface precipitation (a) and CMBE ARSCL cloud fraction

(b-e) for different convection regimes: clear-sky days (b); fair-weather shallow cumulus days (c); late af-

ternoon deep convection days (d) and nighttime deep convection days (e). In (a), the blue line denotes the

precipitation rate for late afternoon deep convection days; while the red lineis for nighttime deep convection

days. The green shaded area in (a) signifies the diurnal cycle of interest. The 9-hour period before and after

is also shown for the purpose of process continuity.
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FIG. 4. Composite soundings for potential temperature (θ) and Mixing Ratio (MR) and the virtual temper-

ature difference (Tv,d) between the environmental sounding and an air parcel lifted through reversible adia-

batic processes from the boundary layer for fair-weather shallow cumulus days (dashed) and late-afternoon

deep convection days (solid) at different Local Standard Times (LST).
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FIG. 5. Composite Relative Humidity (RH, a) at 1130 LST from sounding data and composite diurnal

cycle of precipitable water vapor (PWV, b) and liquid water path (LWP, c) from CMBE MWRRET data.

The width of the color shading on either side of the mean value denotes one standard error of the mean

across all the sample days in each regime. The dashed line in panel b) is the PWV calculated based on

the integral of evaporation and precipitation since 0530 LST for days with late-afternoon deep convection.

Time-averaged LWP values are not conditioned on the presence of cloudand thus they are not in-cloud

averages.
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FIG. 6. Diurnal cycle composite of surface sensible heat flux (a) and latent heat flux (b) from BAEBBR

data for fair-weather shallow cumulus days and late-afternoon deep convection days. The width of the color

shading on either side of the mean value denotes one standard error of themean across all the sample days

in each regime.
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FIG. 7. Diurnal cycle composite of mean surface Moist Static Energy (MSE, a), temperature (b), and

Mixing Ratio (MR, c), and their standard deviations (std dev, d-f). Also shown are the mean surface wind

speed (g) and the mesoscale wind speed (h). Mean and std dev values are calculated based on SMOS data

at the SGP central facility and four nearby Oklahoma Mesonet stations. Mean MSE and its std dev are

normalized by the heat capacity at constant pressure for dry air (Cpd), and thus are in units of K. The width

of the color shading on either side of the mean value denotes one standard error of the mean value across all

sample days in each regime.
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FIG. 8. Composite diurnal cycle of winds from the NCEP MOLTS data at SGP: zonal(left), meridional

(middle) and vertical pressure wind (omega, right) for fair-weather shallow cumulus days (top) and late-

afternoon deep convection days (bottom).
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FIG. 9. Absolute t-values from student t-tests for the differences between composite means of fair-weather

shallow cumulus days and late-afternoon deep convection days around 1130 LST. The horizontal line de-

notes a confidence level of 95%. Negative (positive) t-values are in solid (stipple) pattern, and denote

smaller (larger) composite means on deep convection days relative to the meanon fair-weather shallow

cumulus days.
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FIG. 10. Afternoon rain statistics stratified according to low, medium and high values ofRelative Humidity

(RH) and lapse rate (−dT/dz) between 2 and 4 km at 1130 LST. The statistics include total afternoon

rain (top), maximum hourly rain rate (second), duration of rain event (third), and precipitation onset time

(bottom). The black dots indicate the mean values of precipitation statistics and thewidth of the black lines

indicate two standard errors. The mean values for each of the three ranges of RH and lapse rate are displayed

on the abscissa.
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FIG. 11. Lead-lag correlation coefficients between the precipitation rate of late-afternoon deep convection

days and the standard deviation of surface Moist Static Energy (MSE) (a), surface temperature (b), surface

Mixing Ratio (MR) (c) and mesoscale wind speed (d). The scale for both theabscissa and ordinate are hours

after precipitation onset time. Only correlation coefficients that are significant at 95% confidence level and

have been calculated from samples sizes greater than 30 are displayed.
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FIG. 12. Conservative variables diagram (Paluch diagram) of total water mixing ratio (qt) and liquid water

potential temperature (θl) for the composite of sounding data (gray circles) at 1130 LST for fair-weather

shallow cumulus days (left) and late afternoon deep convection days (right). Dotted lines are the saturation

curves and long-dashed lines are the zero-buoyancy lines calculated based on sounding data at 2.5 km.

The black solid line connects the air properties in the boundary layer at 1130 LST (the black dot labeled

“BL 1130”) and at the level of 2.5 km (the black dot labeled “2.5 km”) and is the mixing linealong which

mixtures of air in boundary layer and the 2.5 km level would fall. The portion of the mixing line above

the zero-buoyancy line indicates mixture is positively buoyant at 2.5 km. Above the saturation curve, the

mixture is cloudy at 2.5 km. The black cross denotes the average property of the mixing line above the

saturation curve which is an approximation to the average properties of the cloud at 2.5 km. The boundary

layer air property at 1430 LST is denoted by black dot labeled “BL1430”. The stippled area denotes the

possible values a boundary layer air parcel may have if boundary layerinhomogeneity is considered. This

area encompasses one standard deviation of boundary layer inhomogeneity about the mean value (Figure 7).
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Total Rain Max Rain rate Onset Time Duration

CAPE 0.414 -0.417

CIN

Average Buoyancy below 5 km

2-4 km−dT/dZ 0.496 0.518

2-4 km RH -0.395 0.464

Mixed-Layer RH

Surface Moist Static Energy std dev0.437 0.513

Surface Mixing Ratio std dev 0.443 0.492

Surface Temperature std dev 0.550 0.552

Surface Mesoscale Wind 0.514 0.486

Sensible Heat Flux

Latent Heat Flux -0.436

600-850 hPa Wind-shear

600-850 hPaω

600-850 hPa U 0.454 0.549

600-850 hPa V

TABLE 1. Correlation coefficients between environmental parameters at 1130 LST and afternoon

rain statistics. Correlation coefficients are shown only if the relationship is significant at the 95%

confidence level.
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